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ABSTRACT
220
The static aerodynamic characteristics of three related families of
blunt bodies—spherically blunted cones, spherical segments, and round-
shouldered circular cylinders—are presented. Data from tests of blunted
cones conducted at the Marshall Space Flight Center and the Wright
Air Development Center are presented together with data from tests
at JPL to extend the ranges of test parameters. The ranges of param-
eters are: cone half-angle from 10 to 60 deg; bluntness ratio (nose
radius/base radius) from 0 to 1.0; and Mach number from 1.65 to 9.0
with some data at subsonic Mach numbers. The spherical segments
and round-shouldered circular cylinders have not been as exten-
sively investigated as the spherically blunted cones. This Report
presents the results of the first systematic tests of these bodies.

Test data are compared with sharp cone and modified Newtonian
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theories.

I. INTRODUCTION

Because of the interest in various configurations suitable
for planetary entry, a survey was made to summarize
many of the existing test data on entry configurations. In
compiling the summary of entry body characteristics a
definite void of practical test information on blunted
cones, spherical segments and flat-faced bodies was found.
To complete the summary, support existing data on
blunted cones, and prepare practical aerodynamic charts
with a wide range of parameters, the Jet Propulsion
Laboratory (JPL) undertook a program to determine the
aerodynamic characteristics of a number of blunt bodies.

The test was conducted in two phases. Phase one was
performed in the JPL 20-in. supersonic wind tunnel at
Mach numbers 1.65, 2.01, and 3.02, with corresponding
Reynolds No./in. of 0.32 X 10°. Phase two was performed
in the JPL 21-in. hypersonic wind tunnel at Mach No. 5.01

and 9.02, and Reynolds No./in. of 0.141 X 10% and
0.103 X 105, respectively. The angle of attack was varied
from —1 to +20 deg for phase one and from —3 to
+19.3 deg for phase two.

Model configurations (Fig. 1) were comprised of: spheri-
cally blunted cones; spherical segments; and flat-faced,
round-shouldered, right-circular cylinders. All models had
flat bases and no afterbodies. The round-shouldered cyl-
inder models had four ratios of radius of shoulder to base
radius: 0.25, 0.50, 0.75, and 1.00. The ratio 1.00 is a
hemisphere. The spherical segment models have base
angles of 15, 30, 45, and 60 deg as shown. These models
represent the bluntest case of the blunted cones with
bluntness ratios R/ry of 1.035, 1.155, 1.414, and 2.000, re-
spectively. They are also related to the round-shouldered
cylinders by the fact that the hemisphere is 2 member
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Fig. 1. Model configurations: (a) round-shouldered
circular cylinders, F — r./r,; (b) spherical segment
models, ¢ — T; (c) spherically blunted cones,

o — R/fb

of this family of bodies. The hemisphere may be con-
sidered a spherical segment model with a base angle of
0 deg. The spherically blunted cones have half-angles
of 15, 30, 45, and 60 deg and bluntness ratios of 0.25,
0.50, 0.75, and 1.00. The bluntness ratio is defined as the
ratio of radius of the spherical nose to the base radius.

In addition to the data for blunted cones obtained in
this test, data from Ref. 1 and 2 are presented in order
to cover a wide range of Mach numbers, cone angles and
bluntness ratios. Reference 1 is a report of data obtained
at the Marshall Space Flight Center (MSFC) in the 14-in.
transonic and 7-in. supersonic wind tunnels. Spherically
blunted cones with half-angles of 10, 13.32, 25, and 50
deg and with bluntness ratios ranging from 0 to 1.244
were tested at Mach 0.5 to 5.0. Reference 2 is a report of
data obtained in a test by Convair using the Wright Air
Development Center's (WADC) 10-ft. transonic tunnel
and JPL’s 20-in. supersonic tunnel. Spherically blunted
cones with half-angles of 20, 30, and 40 deg and bluntness
ratios of 0, 0.4, and 0.6 were tested at Mach 0.5 to 4.06.
Table 1 lists the average wind tunnel conditions for
these tests.

Table 1. Average aerodynamic parameters

Wind tunnel Mach No. R"Q":‘:,’_/.i"' :?;d:nl‘
JPL 20-in. 1.65 0.317 3
2.21 0.319 3
3.02 0.327 3
JPL 21-in. 5.01 0.141 3
9.02 0.103
MSFC 14 by 14 transonic 0.5 0.352 3
0.7 0.436 3
0.85 0.489 3
0.95 0.510 3
1.15 0.535 3
1.25 0.535 3
1.43 0.513 3
1.93 0.590 3
MSFC 14 by 14 supersonic 274 0.402 3
2.99 0.551 3
3.48 0.657 3
4.00 0717 3
4.45 0.551 3
4,96 0.402 3
MSFC 7 by 7 supersonic 1.58 0.350 1.5
1.99 0.306 1.5
2.44 0.246 1.5
2.99 0.187 1.5
3.26 0.162 1.5
3.60 0.137 1.5
3.89 onz 1.5
4.39 0.094 1.5
Convair WADC 10-ft transonic 0.85 0.0207 11.25
1.00 0.0219 11.25
Convair JPL 20-in. supersonic 1.33 0.0246 3
1.97 0.0206 3
2.79 0.0146 3
4.06 0.0072 3

The data presented in this Report include slope of
normal force coefficient curve, center of pressure location,
and axial force coefficient. The data are shown plotted
versus Mach number and in some cases are cross
plotted to show the effects of bluntness ratio and of cone
half angle. Sharp cone theory (Ref. 3) and modified
Newtonian theory are compared with the data. Refer-
ence 4 was used to facilitate the Newtonian calculations.
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Il. SUMMARY OF TEST RESULTS

A. Normal Force Coefficient Slope C,,/deg

For most of the models tested the curve of Cy versus
alpha is fairly linear over most of the alpha range at the
test Mach numbers; exceptions are the 30- and 45-deg
cones which are practically linear up to about 10 deg of
angle of attack. Linearity was found (Ref. 1 and 2) over
angle of attack ranges of +4 deg,and for most cases
practical linearity over the entire alpha range in which
maximum alpha was 10 and 12 deg, respectively.

1. Round-Shouldered Cylinders

Figure 2a is a plot of Cy, versus Mach number and
shows little variation of Cy, with Mach number above
M = 3. The data also show that Cy, increases with in-
creasing shoulder radius ratio. Agreement with modified
Newtonian theory is good except for the hemisphere
F-100. Figure 2b is a cross plot of the data showing the
variation of Cy. with shoulder radius ratio at the lower
Mach numbers.

2.2 [0EH ,
(a) b o Q/% (b) .
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O 1.00
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S B i e e S A LN gy
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04
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02
0
0 i 2 3 2 5 6 7 8 S 0 05 0

MACH NUMBER

Fig. 2. Variation of normal force coefficient slope—round-shouldered cylinders: (a) Cy, vs. Mach No.;
(b) Cy« vs. shoulder radius ratio
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2. Spherical Segment Models

Figure 3a shows the variation of Cy. with Mach num-
ber. There is little variation with Mach number above
M = 3; however, the data show that except for the hemi-
sphere F = 100 there is a continual increase in Cyq with
Mach number. Modified Newtonian theory predicts values
somewhat higher than experimental data. Figure 3b is a
cross plot showing the effect of o on Cye.

3. Spherically Blunted Cones

Figure 4 shows the variation of Cy. with Mach num-
ber for blunted cones of various bluntness ratios. The
data for bluntness ratio R/r, = 0 shown in Fig. 4a are
taken from Ref. 1 and 2 and are compared with pointed
cone theory from Ref. 3 and modified Newtonian theory.

The data are in good agreement with the theory of Ref. 3
at Mach numbers above shock attachment where the
theory is applicable. Modified Newtonian theory slightly
underestimates Cy.. Figure 4b shows interpolated data
from Ref. 1 and 2 compared with the present data for a
bluntness ratio of 0.5. Interpolation was necessary because
of the bluntness ratios used in Ref. 1 and 2. Data for
bluntness ratios of 0.75 and 1.00 are shown in Fig. 4c
and 4d, respectively. The plots show that Mach number
effect on Cyq is small above M = 3 except for the 50-deg
cone. For clarity the Newtonian values are shown for
M =5 only.

Figure 5 is a cross plot of Cy. to show variation with
bluntness ratio. At the lower Mach numbers, 1.65 and
2.01, bluntness has little effect on Cy. up to a bluntness

22
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Fig. 3. Variation of normal force coefficient slope—spherical segment models: (a) Cy. vs. Mach No.;
(b) Cy. vs. base angle
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ratio of about 0.5. Above this bluntness ratio the cones
with small half-angles tend toward a uniform value of
Cye of about 0.014 to 0.018 at R/r, = 1.0. The Mach num-
ber at which the data converge depends on the cone
half-angle, as shown in Fig. 4d. At M = 2 the 20- and
30-deg cone data have merged while the 45-deg cone
data converge about M =5. The 60-deg cone data do
not converge. Both 50- and 60-deg cones appear to be
essentially unaffected by bluntness.

Considerable interpolation was necessary in plotting
Fig. 5 since it represents a compilation of data from three
sources. To interpolate between Mach numbers, the data
were read directly from plots of Cya versus Mach number
presented in the references. Plots of Cy. versus cone
angle with constant bluntness ratio and Mach number
were used to interpolate the data for extending the range
of bluntness ratio to show a variation of normal force
coeflicient with bluntness.

0.07 (a)
a R/ry=0 (b) R/rp=05
CONE ANGLE CONE ANGLE
0.06 o, deg o, deg
10 MSFC A 30
A 20 O 45 JPL
A 30 p CONVAIR O 60
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vV 50 _MSFC —-— CONVAIR -INTERPOLATED
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0.04
003 on i G5 <10 deg
<0 de
20 - —A
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0.0l
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o]
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(c) R/rp=0T5 (d) R /iy 10
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Fig. 4. Variation of normal force coefficient slope with Mach Number—spherically blunted cones: (a) Cy. vs. Mach
No., R/r, = 0; (b) Cys vs. Mach No., R/r, = 0.5; (c) Cya vs. Mach No., R/r, = 0.75; (d) Cy. vs. Mach No., R/r,= 1.0
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B. Center of Pressure at Zero Angle of
Attack X.,/D

The center of pressure is measured from the base of
the model and is found to be practically independent of
the tested angle of attack. Forward is taken as positive
direction.

1. Round-Shouldered Cylinders

Center of pressure location versus Mach number is
presented in Fig. 6a for various shoulder radius ratios.
These data show that the center of pressure is aft of the
base and moves forward as the shoulder radius becomes

JPL TECHNICAL REPORT NO. 32-677

larger. Except for the most blunt case, r./r, = 0.25, there
is little variation with Mach number. Modified Newtonian
theory predicts a constant center of pressure location and
is seen to be forward of experimental values.

A cross plot of the data, Fig. 6b, shows the variation
of X., with shoulder radius ratio.

2. Spherical Segment Models

Figure 7a shows that the center of pressure location
varies only slightly with Mach number and moves aft with
increasing base angle, i.e., increasing bluntness. This is also

0 ~--— |OO___~_(>
(a) - 075 (b)
{0 i
-02f ; :
- 050
i) N
L o8 <025
T
N
-06
- O 025
' A 050 <. MODIFIED
O o075 NEWTONIAN
Lok - O 100
) | 2 3 4 5 6 7 8 S 0O 05 10
MACH NUMBER re/rp
Fig. 6. Variation of center of pressure location—round-shouldered cylinders: (a) X.,/D vs. Mach No.;
(b) X.,/D vs. shoulder radius ratio
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Fig. 7. Variation of center of pressure location—spherical segment models: (a) X.,/D vs. Mach No.,

(b) X.,/D

vs. base angle
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shown in the cross plot Fig. 7b. Modified Newtonian
theory quite accurately predicts the center of pressure
for these models except for the 60-deg model.

3. Blunted Cones

Figure 8 shows the variation of center of pressure
location with Mach number and cone half-angle for vari-
ous bluntness ratios. The data for bluntness ratio R/r; = 0
shown in Fig. 8a are taken from Ref. 1 and 2. Except for

the bluntest case, R/r, = 1.0, and base angle of 60 deg,
modified Newtonian theory adequately predicts X.,/D
for M > 2.0.

Figure 9 is a cross plot of X.,/D showing variation with
bluntness ratio and cone half-angle. The data show that
at low supersonic Mach numbers the cones are fairly
insensitive to bluntness up to a bluntness of about
R/r, = 0.5. The effect of bluntness decreases with increas-
ing cone half-angle.
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Fig. 8. Variation of center of pressure location at zero angle of attack—spherically blunted cones: (a) X.,/D
vs. Mach No., R/r, = 0; (b) X.,/D vs. Mach No., R/r, = 0.5; (<) X.,/D vs. Mach No., R/r, = 0.75;
(d) X.,/D vs. Mach No., R/r, = 1.0
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C. Axial Force Coefficient at Zero Angle of
Attack CA,_,

The reference area for the force coefficients is the model
base area. The forces were measured with a strain gage
balance and when the data were reduced the base drag
was subtracted so that the axial force coefficient presented
represents the forebody drag only. At M = 1.65, 2.01,
and 3.02 the base pressure was measured, but at M = 5.01
and 9.02 the base pressure was assumed to be zero. This
assumption causes the drag due to base pressure to be
overestimated; therefore, the axial force coefficients pre-
sented are low at M = 5.01 and 9.02. The error is esti-
mated to be about 10% of the total drag for the lowest
drag body at M = 5.01 and about 3% at M = 9.02. The
drag due to base pressure is shown in Fig. 10a and is
applicable to all model configurations.

1. Round-Shouldered Cylinders

Figures 10a and 10b present the axial force coefficient
versus Mach number and axial force coefficient versus

shoulder radius ratio, respectively. The data for the disk
were taken from Ref. 5 and data from Ref. 6 were used
to extend the hemisphere data to subsonic Mach numbers.
Modified Newtonian theory is quite accurate in predict-
ing CA for the hemisphere r./r, = 1.0 but, as would be
expected, overestimates the drag on the disk.

2. Spherical Segment Models

Figures 11a and 11b present the axial force coefficient
data for the spherical segment models. Here again, modi-
fied Newtonian theory is more accurate for these models
than for the cylinders.

3. Blunted Cones

Figure 12 presents the axial force coefficient versus
Mach number for blunted cones of various bluntness
ratios. As expected, increasing cone half-angle increases
CA. For clarity modified Newtonian values are presented

36
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Fig. 10. Variation of axial force coefficient—round-shouldered cylinders: (a) CA,_, vs. Mach No.;
(b) CA._, vs. shoulder radius ratio
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at M = 5.0 only. Figure 13 is a cross plot showing the
effect of bluntness and Fig. 14 shows the effect of cone
half-angle. For small angle cones, CA increases with in-
creasing bluntness; however, this effect decreases with

increasing cone angle and the effect of bluntness disap-
pears for cones of about 40 deg of half-angle. Experimen-
tal values agree very well with sharp cone theory except
for the 40-deg cone at M = 2.01.
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Fig. 11. Variation of axial force coefficient—spherical segment models: (a) CA,_, vs. Mach No.;
(b) CA._, vs. base angle
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Fig. 12. Variation of axial force coefficient with Mach number—spherically blunted cones: (a) CA,_, vs. Mach
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Ill. CONCLUSIONS

. The curve of Cy versus angle of attack is fairly linear
over the test range of angle of attack for most of the
test configurations; however, linearity decreases with
increasing bluntness.

. In general, the data for pointed cones agree well
with pointed cone theory.

. Modified Newtonian theory predicts the trend of the
data for all models, but generally cannot be de-
pended upon for absolute values.

. The data obtained up to M = 9 indicates that the
data variation with Mach number above M = 3 is
generally slight.

5. For blunted cone models at low supersonic Mach

numbers, bluntness has little effect on the data for
bluntness ratios below 0.5.

. Data for blunted cones with half-angles greater than

40 deg are practically unaffected by changes in
bluntness ratio.

. Except for the bluntest models, F-25 and 60-deg

blunted cones, the center of pressure location varies
only slightly with Mach number above M = 2 and
is practically independent of angle of attack over
the range of the test.

NOMENCLATURE

A reference area, model base area

CA.., axial force coefficient, (axial force/qA) — CPB

Cya slope of normal force coeflicient curve /deg

CPB base drag coefficient, (P — P;,)/q

D base diameter

X

Mach number
P static pressure
P, base pressure

q dynamic pressure, Y%pV?

R radius of spherical nose on blunted cone models

rp, radius of model base

r. shoulder radius (Fig. 1a)

r./ry shoulder radius ratio, cylinder models
R/r, bluntness ratio, blunted cones
X,, center of pressure location measured from base, forward positive

o base angle of spherical segment models and cone half-angle for blunted
cone models
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